Abstract -Autonomous Underwater Vehicle(AUV) docking technology has now extensively attracted the attention of scholars. Additionally, the ability of the vehicle to return precisely to the docking station is critical for data return, battery charging or AUV recovery. This study presents a docking system, including configuration of the AUV and the docking station, based on acoustic positioning technology. The positioning method of USBL acoustic positioning system is described. Then, introduces the path tracking control algorithm for docking, combined with trial data collected in experiments performed at lake, the defect of this tracking algorithm is analysed . For the successful completion of the future sea docking test and dynamic docking test ,an improved tracking control method is designed using PID algorithm whose parameters obey adaptive fuzzy adjustment, the lateral deviation and heading error are taken into consideration to calculate tracking control input. Simulation results demonstrate that this improved tracking control method is able to fulfill the purpose of path tracking.
I. INTRODUCTION
For many military organizations, commercial corporations and research institutes, docking an underwater vehicle(AUV) is an important part of many current and envisioned missions. It can makes the AUV have a long-term duration by recharging of batteries or through upload data and download mission to make the AUV preform new missions. At present, many departments in the world have carried out research on underwater docking. Woods Hole Oceanographic Institute has proved themselves leading in this field with a lot of important work. In 1994, Bellingham et al conducted a field testing of the Odyssey Ⅱ AUV in the arctic showed that this vehicle returned to the homing transponder with an accuracy of just around 30 cm [1] . Singh et al successfully used an DUSBL system to home an AUV onto a vertical pole and captured it in 2001 [2] . In 2010, Kukulya et al managed to repeatedly dock the REMUS 100 in a docking net with a transponder suspended inside and a DUSBL system. The long-base-line system is used to establish position estimates, in case the AUV is lost due to it not establish connection with the transponder over a long period of time [3] . Some other underwater docking experiments and attempts have also been conducted and introduced in [4] [5] [6] . Docking has been demonstrated, but has not been deployed as an operational * capability. On the one hand, docking requires an infrastructure for the dock that provides physical mounting, a source of power, and communication connectivity. Beyond that, these key docking maneuvering problems such as way-points tracking and path tracking are difficult to solve. In fact, it is easy to find that most institutes used optical sensors to guide AUV docking at the terminal docking stage in recent years. This method is effective in the near range of 0-15m,generally requires a charge-coupled device (CCD) cameras and several lights [7] . But in fact, most of the time, the water quality of the sea is not very good, Then, the visual guidance distance is too short and it's very hard to guide a heavy-weight AUV to docking from a wrong position and posture. Thus, technology that only rely on acoustic positioning sensors to achieve docking becomes very important. In this paper, We designed a set of underwater docking solutions based on ultra-short baseline(USBL) acoustic positioning sensors, established a navigation system with one transceiver and two transponders, line-of-sight method is used to design tracking law and using traditional PID control algorithms for AUV control. The results of trials in Qiandao Lake, Zhejiang Province demonstrate that the docking solution can complete AUV docking in the lake, but the traditional PID control algorithms is not an ideal method to track the target path. Because the parameters of traditional PID control algorithms is specific, it cannot change with changes in AUV movement. In response to this problem, we propose a fuzzy PID control algorithm to perform path tracking control in order to successfully complete the docking at sea . Simulation results show that the proposed fuzzy PID control framework is feasible.
Ⅱ. AUV DOCKING SYSTEM
A. Docking Station A docking station can provides power and communication to the docked AUV. The most common appearance of docking station is like a funnel and it often used with torpedo-like AUVS. charging devices will be in the inner space of the station and then be well protected. Fig.1 is the funnel dock we have designed and assembled. This docking station consists of a dock, an electronic warehouse, a cone-shaped guide tube, a set of AUV posture adjusting device, charging and data exchange agencies and two transponder of USBL system. The maximum diameter of the cone guide tube is as large as two meters. Two transponders mounted on both sides of the cone tube entrance.
B. AUV Configuration
The vehicle used for docking is the long-range series AUV developed by Shenyang Institute of Automation, Chinese Academy of Sciences. The AUV is 8. The fore and aft of AUV have two vertical channel thrusters that enable it to perform its mission in near-bottom sea exploration and achieve defining deep navigation capabilities. In order to overcome the disadvantages of the poor control effect of the vertical rudder at the time of low-speed navigation, the vehicle is equipped with a horizontal channel propeller at the bow. Steering torque at the time of steering can be expressed by (1). = • (1) Symbol F is the thrust generated by the thruster, is the distance from the thrust center to the center of gravity. The AUV's bow section is specially designed according to the docking task. Its shape and structure can be used to adjust the posture of the AUV with the posture adjustment device of the docking station. We can see from the Fig.3 that the transceiver is mounted horizontally in the bow section. This way of mounting the transceiver is different from the conventional method of use, that is, the relative depth distance given by the transceiver is actually the longitudinal distance. 
C. USBL Positioning Principle
The positioning system adopts an acoustic triggering mode, the transceiver emits an acoustic query signal according to the synchronization signal, and the transponder returns a positioning pulse signal after detecting the inquiry signal. The communication schematic between transceiver and receiver is shown in Fig. 4 . The radial distance ρ is the Euclidean distance from the AUV longitudinal axis to the target point .The azimuth φ is the angle between the reference direction on the chosen plane and the line from the point B to target point on the plane. Symbol z is the longitudinal distance between transponder and transceiver. In the USBL coordinate system, the positioning system can obtain three distance information and one angle information of the target which is in the cylindrical coordinate system. Thus, we can get the relative position of the dock entrance by installing two transponders on the dock.
III. LAKE TRIAL AND DATA ANALYSIS
In order to test various technologies in the docking system, we implemented several docking trials in Qiandao Lake, Zhejiang Province in December 2017. We used the steel structure to hang the dock about 7 meters underwater and the direction of docking station was fixed by some ropes. The speed of AUV was set as 1 or 0.5 knots. Docking an AUV into the docking station means to guide the vehicle to the nearby of the dock entrance and then orient itself to align with the dock entrance accurately as it approaches the dock. As our dock station was constantly fluctuating with the flow of water, the task becomes more difficult. The method to overcome this fluctuation was to use the ultra-short acoustic positioning system to continuously obtain the relative position information of the docking station. Path steering AUV into the dock entrance is designed using waypoints navigation building on top of existing cross track error and line of sight error controller. During the test, the trajectory of the AUV is shown in Fig. 5 . The dock is near point D in the figure. The abscissa is the fractional part of the longitude value, and the ordinate is the fractional part of the latitude value. In order to study the docking process in more detail, we installed multiple cameras near the docking station. Fig. 6 is a docking picture taken by one of the cameras. After several days of trials on the lake, we verified the effectiveness of the docking system. A higher docking success rate can be achieved in multiple trials. But, some deficiencies such as the AUV's ability to track the target path in the horizontal plane is insufficient had also been discovered at the same time. In engineering applications, we may simplify the six degree of freedom motion equations to horizontal plane maneuvering of the AUV and diving behavior in the vertical plane, then, design the controller for plane motion and vertical plane motion, respectively. The final stage of docking is the process by which the AUV tracks the straight path to the dock entrance. By analyzing the test data, it can be found that after the AUV turned to the final straight path, the AUV needed a long time to keep up with the target path, and when the position of the target point was changed, the tracking effect was not satisfactory. Fig.7 is a path tracking diagram of AUV when it was successfully docked. The average tracking error for this period is 1.39 meters, and the mean square error of the error is 1.86 meters. The maximum error can reach about 4-5 meters. 
IV. TRACKING ALGORITHM IMPROVEMENTS
The line-of-sight (LOS) guidance method combined with the cross track error (CTE) control is a widely adopted strategy for tracking tasks [8, 9] . Marco and Healey [10] proposed the use of this method. The cross track error control allows for AUV to follow a straight-line path. But it cannot guarantee stability for large heading errors. At this point, line of sight heading control method is needed to reduce heading errors to zero. Our PID control algorithm of the control system execution layer was designed based on these methods. The control structure is shown in Figure 8 . Actuator control inputs include heading PID controller output ∆ and position PID controller output ∆ The symbol H indicates the current heading of the AUV and is the reference heading. During the test, It takes much time and effort to adjust the parameters of the traditional PID control algorithm, and the obtained algorithm does not have adaptive characteristics. We need to design matching PID control parameters for different weighting parameters and navigation speed of the AUV, The acquisition of each set of parameters requires a lot of trials. More importantly, When there is disturbance from the outside environment, the AUV takes a long time to return to stability. This is one of the reasons why we plan a relatively long distance for docking. To improve this situation, it is necessary to make intelligent improvements to the algorithm. We hope that the parameters of the PID controller can be adaptively adjusted according to the error state. In this case, the adjustment time of the AUV may be reduced, This is helpful for increasing the probability of docking and reducing the distance to the docking station. Thus, Longitude Latitude fuzzy control theory was introduced which is used to adjust PID controller's parameters. Fuzzy logic control (FLC) has shown to be efficacious method for complicated, non-linear systems and systems which are formidable to define. It was used in many industrial applications due to improved performance [11, 12] . This method can provide a formal methodology and implement human heuristic knowledge on how to control a system subject to uncertainties. Considering the tracking accuracy problem of the AUV docking, the control law of FLC need to be set very exquisite and accuracy according to series of trials, and this work is actually very difficult. Thus, the method that PID parameters are adjusted by the fuzzy controller was proposed.
When the AUV tracks a planned path, according to geometric principle, cross track error is calculated from the relative position between current position and target line. Heading error is calculated from the relative direction between current heading and the azimuth of the target line. Then, two fuzzy controllers are designed and the parameters of the two PID controllers are adjusted according to the error and its derivative. The tuning process can be expressed by (2)- (5).
The symbol i=0, 1, 2. . .symbol and ̇ are the error and error derivative during the i-th sampling of the system, respectively. kp, ki, and kd are proportion, integration and differentiation coefficients, respectively. Fig. 9 is a schematic diagram of the improved tracking control method. In this picture, V is the sailing speed when the AUV is docking, It is generally set as a constant. FLC 1 is a fuzzy controller that adjusts the position PID controller parameters and FLC 2 is a fuzzy controller that adjusts the heading PID controller parameters.
When the AUV tracks the target straight line, the tracking error will jump due to the influence of water flow and other factors, then, it is necessary to standardize the controller input and output data, this strategy means to make each input can play an efficient role so that input overload is avoided as much as possible. For fuzzy controllers, this strategy is very helpful to improve the effectiveness of the centroid method to solve fuzzy results. We use (6) to normalize the input and output data of the controller. This function has properties such as continuity, monotonicity, nonlinearity, and boundedness.
Inputs of FLC1 are cross track error and it's derivative. The establishment of a Mamdani type fuzzy inference system FLC1 through Matlab is shown in Fig. 10 . The membership function of all fuzzy controllers in this paper adopts the triangular membership function. Its expression is (7) . According to the PID parameter setting principle and practical engineering experience to input fuzzy control rules into the system. Use centroid method to perform defuzzification operations.
In order to verify the feasibility of the path following control method based on fuzzy control theory, simulation experiment based on vehicle's kinematic in Matlab/Simulink platform were implemented. Set the target path as a straight line:-2x+2y-2=0, as shown by the red dotted line. First, verify the tracking effect of the AUV tracking controller in different initial states. The initial course of the AUV takes different values in the interval [-π/2, π/2]. As can be seen from Figure  11 , this method can track the target straight line when the AUV is in different initial states. Next, random disturbances are added to the controlled object and the tracking simulation was performed again. Fig. 12 is the track control simulation diagram. The simulation results can be seen that the fuzzy controller has an inhibitory effect on the external disturbance. Fig.12 Tracking under disturbances.
V. CONCLUSIONS
In summary, We have achieved some success in the AUV underwater docking works. Our self-designed and assembled docking station can accurately adjust the posture of the captured AUV. In the lake trials, the task of underwater charging of AUV was realized. In order to overcome the problem of data jump in the process of ultra-short baseline dynamic positioning, we use two transponders, according to the principle of the USBL positioning, data with high reliability is selected from redundant positioning data to guide the AUV. On the aspect of control, the line-of-sight guidance method combined with the cross track error control was adopted to design control law. After many days of trial and error and improvement, under the same conditions of environmental conditions, we can achieve a higher docking success rate. However, when the AUV travels in a complex environment, the problem of inapplicability of the parameters of the traditional PID algorithm becomes more apparent. For this reason, the fuzzy PID method is designed and the feasibility of the method is verified by simulation.
In future work, we intent to verify the control effect of fuzzy PID control algorithm in the experiment and implement AUV docking at sea firstly, and then accomplish AUV docking with a mobile docking station which is mounted on an AUV or ROV.
